To withstand environmental stress, Artemia release diapause cysts via an oviparous pathway instead of producing swimming nauplius larvae by the ovoviviparous pathway. Encased in such a cyst, the embryos at diapause can survive for many years. Vitellogenin (Vtg), the precursor of vitellins, the main yolk proteins, is crucial for embryonic development. This study compares vitellogenesis between oviparity and ovoviviparity, the two reproductive modes occurring in A. parthenogenetica. A Vtg gene was cloned, based on N-terminal amino acid sequence analysis, PCR amplification, and cDNA library construction and screening, and was found to consist of 6778 bp with a 6657 bp open reading frame encoding 2219 amino acids. From the deduced primary structure, Artemia vitellogenin (ArVtg) was found to possess six copies of the consensus cleavage site, R-X-X-R, and to contain a superoxide dismutase (SOD)-like domain at the N-terminus. This is an unusual finding for crustacean Vtg proteins, having been reported only in one previous crustacean, Daphnia magna. Using Northern blot analysis and in situ hybridization, ArVtg gene expression was observed at early stages of vitellogenesis in the connective tissue located in the cephalothorax, with trace expression in the ovary. Western blot analysis and several N-terminal sequences revealed that ArVtg was cleaved at each consensus cleavage site and that more than 10 subunits were formed during posttranslational processing in ovarian maturation. Of these, only the SOD-containing subunits (;90 and 60 kDa) showed different profiles between the oviparous and ovoviviparous pathways. This suggests that these high concentration components have an important function for the encysted diapaused embryos during long-term cell-cycle arrest, which has remained unknown up until now.
INTRODUCTION
In most oviparous animals, including vertebrates and invertebrates, yolk proteins are the key source of nutrients for oocytes and embryos. Vitellins (Vts), the major group of yolk proteins, provide amino acids, carbohydrates, lipids, and phosphates to the developing embryos and early larvae [1] . In addition to serving as storage proteins, Vts also act as trace mineral-transporting proteins [2] and biomarkers for endocrine disrupters [3] [4] [5] as well as playing a role in immune system function [6] , and other aspects. Vitellogenin (Vtg), the precursor of Vts, undergoes proteolytic processing to produce several subunits that are crucial for oocyte and embryo development. Vitellogenin is primarily synthesized as a large polypeptide in specific tissues, such as the liver in vertebrates [1] , the fat body in insects [7] , and the intestine in nematodes [8] , and it is processed into Vts by subtilisin-like endoproteases, which recognize a consensus cleavage site, RXXR, before accumulating in oocytes [9] .
In crustaceans, Vtg genes express in extraovarian tissues and/or the ovary [10] . In several crustacean species, extraovarian Vtgs are enzymatically digested soon after their synthesis, and then transported via the hemolymph to the ovary where they are processed further into several subunits [6, [11] [12] [13] [14] [15] . As in the case of the blue crab, Callinectes sapidus [14] , Vtg synthesized in the hepatopancreas is initially cleaved into ;78.5-and 207.3-kDa subunits, both of which are found in the hemolymph. A second cleavage in the ovary splits the ;207.3-kDa subunit into two further subunits of ;119.4 and 87.9 kDa. In branchiopod crustaceans, only two complete cDNA sequences for Vtg genes have been obtained. Both of these are from Daphnia magna (Vtg1, AB114859; and Vtg2, AB252738). These two Vtgs are identified by a striking feature, a superoxide dismutase (SOD)-like domain that is located in the N-terminus, which implies an interesting function for the Vtg, although low SOD activity is detected [16, 17] .
Artemia, also known as brine shrimp, is characterized by its ability to survive extreme living conditions of high salinity and high pH, anoxia, large temperature differences, and intermittent drought conditions. To cope with harsh environments, Artemia shunt offspring into a dormant, encysted state via an oviparous pathway. However, under favorable conditions, they release swimming nauplius larvae via the ovoviviparous pathway [18] [19] [20] . Although many eukaryotes have been found to exhibit diapause and produce resistant forms [21] [22] [23] , Artemia encysted embryos seem able to withstand the greatest physiological stress [23] . The cyst, which comprises about 4000 cells, is enclosed in a number of tough and largely impervious membranes and protective shells [24] and tolerates reversible metabolic arrest (quiescence) in response to adverse environmental factors before emergence.
In Artemia, embryogenesis begins when the eggs enter the uterus [19] . In the ovoviviparous pathway, embryos grow into swimming nauplii, while in the oviparous pathway, embryonic 1 Supported by the National Natural Sciences Foundation of China (40730212 and 40876069). development is arrested at the gastrula stage. These embryos remain dormant and do not resume development until they are activated by stimuli such as cold or desiccation, followed by more favorable conditions [20, 25, 26] . To ensure the survival of quiescent Artemia embryos in diapause, cellular components must either be protected or repaired when damaged during the long-term developmental arrest. Although the small heat shock protein p26 [19] , artemin [27] , late embryogenesis abundant proteins [28] , and the protective shell [29] have all been reported to play important roles in encystment and diapause state, the molecular mechanisms are still unclear.
In 1980, de Chaffoy de Courcelles and Kondo [30] reported the protein profiles of Vtg in Artemia salina. In the oocytes, two Vts-190 and 68 kDa-were isolated, and the larger one underwent a stepwise proteolysis during embryonic development, giving rise to a 120-kDa peptide. However, the molecular characterization of this Vtg gene remains unclear. In the present study, to elucidate the temporal and spatial aspects of vitellogenesis in Artemia, the complete cDNA of Artemia Vtg (ArVtg) was cloned and was found to have a SODlike domain located at the N-terminus of its deduced amino acid sequence. Its expression patterns and processing profiles were also analyzed. In addition, a comparison of ovarian Vts between ovoviviparous and oviparous animals suggests a special function for the SOD domain-containing Vts in the diapause cysts, which was supported by the degradation of Vts during cyst hatching.
MATERIALS AND METHODS

Animals
A. parthenogenetica from Gahai Lake, China, were donated by Feng-Qi Liu of Nankai University, Tianjin, China. The specimens were cultured at room temperature in an environment of 8% artificial seawater and a photoperiod of 5 h and fed once every 2 days with Chlorella powder. Under these conditions, the majority produced diapause cysts by the oviparous pathway, while in 4% artificial seawater and a photoperiod of 16 h, almost all the specimens released free-swimming nauplii by the ovoviviparous pathway. Examination of Artemia shell gland morphology was used to differentiate between oviparity and ovoviviparity as described by Liang and MacRae [19] . According to these criteria and those established by Dai et al. [31] , the developmental stages of the reproductive tract were defined as follows: stage one is the previtellogenic stage; stage two is the early vitellogenic stage, where oocytes reside in ovaries; stage three is the late vitellogenic stage, where oocytes enter oviducts; and stages four to six are embryogenic stages (stage four occurring 1 day after the eggs enter the uterus, stage five occurring 2 days after the eggs enter the uterus, and stage six occurring 4 days after the eggs enter the uterus). Embryogenesis takes 4 days from the beginning to the release of encysted embryos or nauplius larvae.
For RNA extraction, diapause cysts, free-swimming nauplii and tissues dissected from ice-cold anesthetized animals were snap-frozen in liquid nitrogen and stored at À808C.
Purification and Sequencing of Cyst Phosphoproteins
Total proteins were extracted from diapause and postdiapause cysts. Cysts were first decapsulated in antiformin (7% NaOH, 3% Na 2 CO 3 , and 1% NaCl in 50% clorox bleach), incubated on ice for 20 min and washed three times with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4). Samples were homogenized on ice in 7 M urea, 2 M thiourea, 100 mM dithiothreitol (DTT), 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.5 mM ethylenediaminetetraacetic acid, 40 mM Tris, 2% (v/v) NP-40, 1% (v/v) Triton X-100, 5 mM PMSF, and 2% pharmalyte, pH 7.5. After centrifugation at 15 000 3 g for 15 min, the supernatant was collected, cold acetone was added, and the samples were incubated at À808C for over 1h. After centrifugation at 3500 3 g for 15 min, the pellets were washed once with cold acetone, air-dried, and dissolved in extraction buffer (8 M urea, 4% CHAPS, 2% pharmalyte, and 40 mM DTT, pH 7.5). Phosphoproteins were then purified using a Phosphoprotein Purification Kit (Qiagen), and analyzed by 10% SDS-PAGE. Thirteen proteins, which showed differences in their amounts between the diapause and postdiapause samples, were analyzed for their N-terminal amino acid sequence using an LF-3000 protein sequencer (Beckman) in the pulsed-liquid mode.
Amplification, Cloning, and Sequencing of Vtg
Based on the N-terminal amino acid sequence of the protein band four (Fig.  1) , two pairs of degenerate primers were designed, SF1 and SF2, and SR1 and SR2 (Table 1) . Whole vitellogenic animals were homogenized in Trizol reagent (Invitrogen), and total RNA was prepared according to the manufacturer's instructions. Total RNA was quantified on a Genova UV/visible spectrophotometer at 260 nm. First-strand cDNA was synthesized from 1 lg of total RNA using the SuperScripti/First-Strand cDNA Synthesis Kit (Invitrogen) according to the manufacturer's protocol and was then used as a template for PCR. In the first round of PCR, SF1 and SR1 primers were used with the following program: 948C for 4 min, followed by 35 cycles at 948C for 30 sec, 458C for 30 sec, and 728C for 30 sec, with a final step at 728C for 10 min. Following the first round of PCR, nested PCR was performed using the first PCR product as the template and the degenerate primers SF2 and SR2. The PCR reaction program was as follows: 948C for 4 min, followed by 35 cycles at 948C for 30 sec, 558C for 30 sec, and 728C for 30 sec, with a final step at 728C for 10 min. A cDNA fragment of approximately 80 bp was amplified and subcloned into the pUCm-T vector (Sangon) for sequencing analysis. A 5 0 RACE (rapid amplification of cDNA ends) fragment was amplified using the reverse primers 5RSOT3 and 5RSIN3 (Table 1 ) and adapter primers from the FirstChoice RLM-RACE Kit (Ambion), while a 3 0 RACE fragment was amplified using primers 3RSOT3 and 3RSIN3 (Table 1 ) and adapter primers from the same kit. All the 5 0 and 3 0 RACE experiments were performed according to the manufacturer's protocol. A 968-bp fragment whose deduced amino acid sequence appeared to be similar to Vtg of D. magna (DmagVtg) was obtained.
To obtain the complete sequence of ArVtg, a vitellogenic Artemia cDNA library was constructed and screened. Total RNA was extracted from whole vitellogenic animals, both oviparous and ovoviviparous, with Trizol reagent. Poly(Aþ) RNA was purified from the total RNA using an Oligotex mRNA Mini Kit (Qiagen) according to the manufacturer's directions, and the cDNA library was constructed using a ZAP-cDNA Synthesis Kit (Stratagene) according to the manufacturer's directions. The probe used to screen the cDNA library was amplified from the 968-bp fragment and was labeled with a DIG (digoxigenin) High Prime Starter Kit II (Roche) according to the manufacturer's instructions. Blots were prehybridized in DIG Easy Hyb (Roche) at 428C for 1 h, and then hybridized in hybridization solution (DIGlabeled probe diluted in DIG Easy Hyb) at 428C overnight. Blots were washed twice in 23 SSC (saline sodium citrate) and 0.1% SDS, pH 7.0, for 5 min at room temperature, twice in 0.13 SSC and 0.1% SDS, pH 7.0, for 15 min at 558C, and once in 13 maleic acid solution (0.1 M maleic acid, 0.15 M NaCl, pH 7.5) and 0.1% Tween-20 for 3 min. The membrane was incubated for 1 h in blocking buffer (Roche) and for 1.5 h with AP (alkaline phosphatase)-conjugated anti-DIG antibody (diluted 1:10 000 in blocking buffer; Roche) on a shaker. Blots were then washed twice in 13 maleic acid and 0.1% Tween-20 for 15 min at room temperature and once in detection buffer (Tris-HCl and 0.5 mM NaCl, pH 9.5) for 3 min, before using the CDP-Star Chemiluminescent Detection System (Roche Diagnostics GmBH). The hybridized membrane was exposed to x-ray Kodak film for 0.5-2 h. After three rounds of screening, three clones of 4442, 4888, and 5822 bp were isolated, the two smaller ones being partial sections of the largest one. This 5822-bp cDNA included a stop code and poly(A) sequence. Using the sequence of the largest clone, two gene-specific primers 5rou and 5rin (Table 1) were designed for 5 0 RACE-PCR, and a 1022-bp sequence containing the 5 0 terminus was obtained. The full-length Vtg cDNA sequence was obtained from the overlapping cDNA clones.
Northern Blot Analysis
Total RNA (10 lg) from the cephalothorax and abdomen of vitellogenic animals at various developmental stages was electrophoresed on a 1.0% agarose gel and transferred to a nylon membrane (Immobilon; Millipore Inc.), followed by prehybridization at 428C for 1 h and hybridization at 558C overnight with a DIG-labeled antisense riboprobe. The probe, which corresponds to nucleotides 2042-2480 of Vtg cDNA, was used at a final concentration of 100 ng/ml. After hybridization, the membrane was washed twice in 23 SSC and 0.1% SDS, pH 7.0, at room temperature for 5 min and twice in 0.53 SSC and 0.1% SDS, pH 7.0, at 658C for 15 min. Hybridized probes were visualized with the AP-conjugated anti-DIG antibody and the CDP-Star Chemiluminescent Detection System. The hybridized membrane was exposed to x-ray Kodak film for 0.5-4 h. Ribosomal RNA was visualized by goldview staining.
Southern Blot Analysis
Genomic DNA was isolated from Artemia using the standard phenol/ chloroform method according to Sambrook and Russell [32] . For Southern blot analysis, 20 lg of genomic DNA was digested with the following restriction enzymes: EcoRI, HindIII, and XbaI (Takara). The digested DNA was precipitated with ethanol and separated on a 1% gel. The DNA was nicked, denatured, and transferred to a nylon membrane (Immobilon; Millipore Inc.), which was incubated in DIG Easy Hyb (Roche) for 1 h at 428C and then hybridized at 428C overnight with a DIG-labeled probe, generated from the cDNA-coding sequence fragments of Vtg (2303-3011 bp). After washing, the hybridized membrane was exposed to x-ray Kodak film for 0.5-4 h.
Histology
Sample preparation. The animals were anesthetized as mentioned previously, snap-frozen in liquid nitrogen, and embedded in Tissue Tek (Sakura Finetechnical Co., Ltd.). The embedded samples were cut into 8-lm thick frozen sections using a frozen ultramicrotome.
In situ hybridization. Dry sections were fixed in paraformaldehyde, digested with proteinase K and hybridized at 428C overnight. Then the slices were washed at 528C and blocked with blocking solution (Roche). After blocking, the samples were treated with an anti-DIG-AP conjugate (diluted 1:500; Roche), and visualized with the colorimetric substrates nitroblue tetrazolium/4-bromo-4-chloro-30-indolylphosphate (NBT/BCIP) (Promega) according to the manufacturer's instructions. Finally, photographs were taken on an inverted microscope (Eclipse TE2000-S; Nikon).
Immunohistochemistry. Sections were dehydrated gradually through a series of increasing alcohol concentrations before incubation with 3% hydrogen peroxide in alcohol for 10 min at room temperature. Then the sections were rehydrated gradually through a series of decreasing alcohol concentrations. After washing in PBS, pH 7.4, the slides were blocked in PBSAT (PBS containing 0.1% Tween-20 and 0.5% bovine serum albumin) and incubated overnight with a Vtg antibody diluted 1:100 in PBSAT (or PBSAT alone for the negative control). After washing with PBAT (PBS containing 0.1% Tween-20), the slides were incubated with a horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) (diluted 1:250; Vector Laboratories) for 30 min at 378C. Sections were washed and equilibrated in TSM buffer (0.1 M Tris, 0.1 M NaCl, 0.05 M MgCl 2 , pH 9.5), and the color was developed using NBT/ BCIP plus suppressor (Pierce Biotechnology). The sections were examined and photographed as described above.
SDS-PAGE and Western Blot Analysis
Proteins were extracted from each sample using Trizol reagent according to the manufacturer's instructions and quantified using the Bradford method [33] . Three peptides, located at the N-terminal, middle, and C-terminal of ArVtg (shown in Fig. 2A ) were chemically synthesized, and used to immunize rabbits to obtain three antibodies designated as anti-VGN, anti-NON, and anti-VWD (Hangzhou HuaAn Biotechnology Company). Twenty-five micrograms of each protein sample was subjected to 8% SDS-PAGE, and the gel was transferred to a nitrocellulose membrane at 40 V for 3 h in transfer buffer (25 mM Tris, pH 8.3, 192 mM glycine, and 10% methanol). After blocking in blocking buffer,, the membrane was incubated with the anti-VGN antibody (1:250 in blocking buffer), anti-NON antibody (1:2000 in blocking buffer), or anti-VWD antibody (1:2000 in blocking buffer) overnight at 48C. After two washes in TBST (20 mM Tris, 137 mM NaCl, pH 7.6) for 10 min, the membrane was incubated with horseradish 
RESULTS
Purification and Identification of the Phosphoproteins from Artemia Cysts
Cysts can be activated under conditions of high salt and long-term low temperatures [25, 26] . Once diapause has terminated, the postdiapause cysts resume development and the nauplii emerge. During the activation process, the phosphorylation of various cyst phosphoproteins, including Vts, changes. To investigate these changes in phosphorylation, total proteins were extracted from diapause and postdiapause cysts using a phosphoprotein purification kit, and the phosphoproteins were purified and electrophoresed by 10% SDS-PAGE (Fig. 1) . Thirteen bands that showed differences between the two samples were processed for N-terminal sequencing, and eight sequences were obtained (Table 2) . The N-terminal sequences for bands three and four proteins were identical, and their amount decreased after cyst activation, suggesting that they played a role during diapause.
Molecular Cloning and Characterization of ArVtg
Degenerate oligonucleotide primers derived from the Nterminal amino acid sequence of the band four protein were used to amplify the initial cDNA fragment followed by 3 0 and 5 0 RACE-PCR. The amino acid sequence coded for by the 968-bp fragment obtained from the overlapping PCR fragments shared a 29% identity with DmagVtg. To obtain the complete sequence of ArVtg, a cDNA library was constructed and screened, and a final 5 0 RACE-PCR was performed, which resulted in the successful acquisition of a 6778-bp sequence (GenBank accession no. HQ647327). This sequence was composed of a 22-bp 5 0 -UTR (untranslated region), a 96-bp 3 0 -UTR, and a 6657-bp OFR (open reading frame), encoding a precursor of 2219 amino acids, which included a 19 amino acid signal peptide (analyzed at http://www.cbs.dtu.dk/services/ SignalP).
The deduced amino acid sequence ( Fig. 2A) shared a 28% identity with DmagVtg, and contained features found in other crustacean Vtgs, including a Vtg N-terminal domain, a domain of unknown function (DUF 1943), and a Von Willebrand factor type D domain (VWD). A striking feature of ArVtg was a SOD-like domain at the N-terminus similar to that found in DmagVtg. Phosvitin and polyserine domains were absent as in other crustacean Vtgs. The ArVtg clone contained six putative subtilisin-like protein endopeptidase motifs (RXXR), and seven putative N-glycosylation sites at amino acids 107, 680, 822, 889, 1195, 1806, and 1913 (analyzed at http://www.cbs. dtu.dk/cgi-bin), but no O-glycosylation sites.
The amino acid sequence of the ArVtg N-terminus (Arg-42 to Leu-193) showed significant homology to that of Cu/Zntype SOD, which contains Cu(II) and Zn(II) in its active sites. The amino acid sequence of the SOD-like domain of ArVtg is aligned with those of Cu/Zn SOD from various organisms in Figure 2B . In ArVtg, almost every catalytically important, conserved amino acid is present, including Cys-99, Cys-188, and Arg-185 (denoted by þ in Fig. 2B ), which are important for the maintenance of the structure and the activity of SOD [34] ; His-88, His-90, His-105, and His-162 (denoted by sharps 
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in Fig. 2B ), which are involved in the binding of Cu(II); and His-105, His-113, His-122, and Asp-125 (denoted by dots in Fig. 2B ), which are required for Zn(II) binding [35] .
A phylogenetic tree constructed from the amino acid sequences of the SOD-like domains of ArVtg and DmagVtg and known Cu/Zn SODs by the neighbor-joining method implemented in MEGA 4 [36] is shown in Figure 3A . Known Cu/Zn SODs were grouped into seven separate clusters: plant, insect, vertebrate, fungi, nematode, virus, and bacteria. The Artemia SOD-like domain is in the clade with the DmagVtg SOD-like domain, which is more closely related to the virus and bacteria clusters.
The function of the DUF domain family has not yet been determined. The VWD domain contained nine highly conserved Cys residues and a TCGMCG motif. This is reminiscent of the active sites of proteins catalyzing disulfide bond formation. These residues have been considered to play a role in the formation of disulfide-linked multimers [37] .
A phylogenetic tree was constructed from the conserved amino acid sequences of the VWD domain of known Vtgs and ArVtg. The VWD domains of known Vtgs are grouped into separate clusters: decapod crustacean, copepod crustacean, insect, nematode, and vertebrate (Fig. 3B) . The result shows that ArVtg is in the clade with the DmagVtg, which is much more similar to the copepod crustacean cluster than that of the other clusters.
To estimate the copy number of the Vtg gene in the genome of Artemia, Southern blot analysis was carried out. Using probes obtained from the coding regions between 2303 to 3011 bp, four signals were detected when digested with EcoRI, HindIII, and XbaI (Fig. 4) .
Expression of the ArVtg Gene
Northern blot analysis was used to study the tissue-and stage-specific expression of the ArVtg gene in both oviparous and ovoviviparous animals. The results showed similar patterns of expression in the two reproductive modes. A Vtg transcript of around 6.8 kb in length was detected in the cephalothorax (which included the connective tissue) in both oviparous and ovoviviparous vitellogenic animals (Fig. 5 ), but not in the abdomen (which contained the ovaries) or in the nauplii or the cysts (data not shown). No Vtg mRNA was detected in immature Artemia (stage one). Its initial expression was detected at an early vitellogenic stage (stage two) at a high level, which decreased gradually during the subsequent developmental stages (stages three to six). The spatial and cellular distribution of Vtg expression, as determined by RNA in situ hybridization, showed positive hybridization with the antisense Vtg riboprobe but not with the Vtg sense probe. A positive signal was observed in the connective tissue (Fig. 6 , A and A 0 ) with a weak signal in the paired ovaries (Fig. 6, B and B 0 ) even though no signal was evident in the Northern blot analysis. Cells in the connective tissue, known as phagocyte storage cells, that combine the characteristics of nephrocytes and the fat body [38] were revealed by hematoxylin-eosin staining (Fig. 6C) . The cytoplasm of these cells exhibited a loose texture and included a number of large and small vacuoles representing dissolved fat and glycogen.
To localize Vtg and Vts in Artemia, immunohistochemical analysis was performed using the anti-VGN antibody. A strong signal was detected in the oocytes of vitellogenic animals, while a weaker signal was present in the phagocyte storage cells (Fig. 6, D and D  0 ) . 
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Proteolysis of ArVtg in the Different Reproductive Pathways
To determine the ArVtg processing pathway, total proteins were extracted from the abdomen (which included the eggs) at various developmental stages of oviparous and ovoviviparous animals. The proteins were electrophoresed by 8% SDS-PAGE and analyzed by Western blotting.
The anti-VGN antibody against the Vtg N-terminal domain revealed two predominant bands corresponding to molecular masses of ;90 and 60 kDa in the vitellogenic stages (Fig. 7A) . The calculated molecular mass of the Vtg N-terminal domain, fused with the SOD-like domain and presumably produced by cleavage at the RHRR (Arg-829 to Arg-832) cleavage site, was 89.7 kDa, which was consistent with the 90-kDa band observed by Western blot analysis. Furthermore, band eight in Figure 1 (N-terminal sequence, SKFYDDEL), which agreed with the predicted amino acid residues at positions 20 to 27 immediately following the signal peptide, was also 90 kDa. The 60-kDa peptide may be produced by further processing of the 90-kDa band via cleavage at the putative RHSR (Arg-550 to Arg-553) cleavage site because the calculated molecular mass of the polypeptide was 58.8 kDa.
The anti-NON antibody detected a dominant band with a molecular mass of about 32 kDa (Fig. 7B) . The band three protein in Figure 1 (N-terminal sequence, SELL-DFSAYKHGPL, which is also the antigen sequence of anti-NON) was also 32 kDa. Moreover, the calculated molecular mass of the protein produced by presumed cleavage at the 
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cleavage sites RHRR (Arg-829 to Arg-832) and RVIR (Arg-1108 to Arg-1111) was 32 kDa. The anti-VWD antibody against the VWD domain revealed several protein bands (Fig. 7C) . Since there are six putative cleavage sites recognized by subtilisin-like endoproteases in ArVtg, complex bands would be seen in Western blot analysis with anti-VWD antibody if every cleavage site was utilized. The calculated molecular masses of the polypeptides produced by the presumed cleavages, and which were also revealed by Western blot analysis, were 123, 107, 68, 57, 52, and 41 kDa.
A comparison of the results of Western blot analysis between ovoviviparous and oviparous samples showed that only the Vts stained with the anti-VGN antibody had different patterns. Anti-VGN antibody was used to investigate further the Vts in the emerging cysts. Proteins were extracted at different embryonic developmental stages, from encysted gastrulae to swimming nauplius larvae. Western blot analysis, using anti-VGN antibody, indicated that when cysts were activated by cold and resumed development, the amount of the 90-and 60-kDa polypeptides decreased and the amount of small polypeptides (,25 kDa) increased as the embryos developed (Fig. 8) . This result is consistent with embryonic development in the ovoviviparous pathway.
DISCUSSION
The brine shrimp A. parthenogenetica, which is parthenogenetic, has two forms of reproduction, oviparity and ovoviviparity. In this study, a molecular and biochemical approach was used to study Artemia vitellogenesis. In the ovoviviparous pathway, embryos grow into nauplius larvae, while in the oviparous pathway, embryonic development is delayed at the encysted gastrula stage. The question addressed in this study was whether vitellogenesis differs between the two pathways. A cDNA encoding Vtg was first cloned and characterized. Following the analysis of ArVtg-processing profiles, a comparison of ovarian Vts between oviparous and ovoviviparous development found that Vts containing a SODlike domain may function especially in the cyst-encased embryo in diapause.
Vitellins are phospholipoglycoproteins and are the main components of egg yolk in almost all oviparous animals. Phosphorylation is a recurrent feature of every Vt molecule described thus far. In the eggs of the hard tick Boophilus microplus, Vt-phosphotyrosine residues are gradually removed during embryogenesis by the action of an egg tyrosine phosphatase, and once Vt has been dephosphorylated, its proteolysis increases dramatically [39] . In this study, after the cysts had been subjected to cold treatment, the amount of phospho-Vts (protein bands three, four, and eight) were reduced (Fig. 1) . This result implies that after cyst diapause was terminated by cold, embryonic development resumed, and Vts proteolysis increased following dephosphorylation to supply nutrients for the growth of the embryo.
With respect to Vtg proteolytic cleavage in crustaceans, it is widely accepted that Vtg is first cleaved at an RXRR site to form two subunits, one small and the other large, the large one of which is processed further by proteolysis. In Litopenaeus vannamei, Vtg is first cleaved at an RTRR site (Arg-725 to Arg-728) to form two subunits of 78 and 179 kDa, and then the 179-kDa peptide undergoes further cleavage during the subsequent developmental stages [40] . In C. sapidus, the first cleavage occurs at the RERR site (Arg-728 to Arg-732) producing two subunits of 78.5 and 207.3 kDa, the large one of which splits into two smaller subunits [14] . Similar cleavages were also reported in Machrobrachium rosenbergii [11] , Charybdis feriatus [12] , and Portunus trituberculatus [13] . In our study, the N-terminal sequence, SELLDFSAYKHG-PLEAE, was found in phosphoprotein band three (Fig. 1) , and it is likely that proteolytic cleavage occurs between positions 832 and 833 by a subtilisin-like endoprotease that recognizes the RHRR motif, to form two subunits of 90 and 155 kDa. In A. salina, Vtg is also first cleaved into a large subunit (190 kDa) and a small subunit (68 kDa) [30] . The large one is further digested during embryonic development.
Using anti-VGN antibody directed against the MGKSIEIEDKSRLQ sequence (amino acids 327 to 340), a strong band of about 90 kDa was revealed by Western blot analysis. In addition, a 60-kDa peptide was detected, which may have been produced by further processing of the 90-kDa band at the putative RHSR (Arg-550 to Arg-553) cleavage site. The residual 30-kDa peptide would not be detected as it did not contain the anti-VGN antigen.
It is possible that the 155-kDa peptide may be cleaved rapidly because it was not detected by either the anti-NON antibody or the anti-VWD antibody. The anti-NON antibody recognized one peptide with a molecular mass of 32 kDa, which should correspond to the band three protein in Figure 1 , because the antigen of anti-NON was part of the N-terminal sequence of the band three protein with a molecular mass of about 32 kDa. This protein could be produced by cleavage at RHRR (Arg-829 to Arg-832) and RVIR (Arg-1108 to Arg-1111) because the calculated molecular mass was around 32 kDa. The band four protein in Figure 1 , which also contained the anti-NON antigen sequence, was not detected, possibly because the amount of this protein relative to the total protein was quite small. However, as seen in Figure 1 , this protein may be very highly phosphorylated because the phosphoaffinity column was able to concentrate it quite effectively.
Several protein bands were observed by Western blot analysis with the anti-VWD antibody. Cleavage at RVIR (Arg-1108 to Arg-1111) processed the 155-kDa peptide into two subunits, a 32-kDa polypeptide, which was detected by the anti-NON antibody, and a 123-kDa polypeptide, which was detected by the anti-VWD antibody. Three other potential cleavage sites (RXXR) were distributed in the 123-kDa peptide, and cleavage at these sites could give rise to polypeptides of 55.5 and 68 kDa, 66.5 and 57 kDa, and 107 and 16.5 kDa, respectively (Fig. 9) . The 68-, 57-, and 107-kDa polypeptides, which all contain the antigen sequence of anti-VWD, were positioned at positions 2037 to 2050 and immunoreacted sequentially with anti-VWD antibody. Additional bands with molecular masses of 52 and 41 kDa were detected, and these may have been formed from the further cleavage of the 68-kDa and 57-kDa polypeptides by the subtilisin-like endopeptidase at the REGR (Arg-2073 to Arg-2076) site (Fig. 9) .
The bands indicated by asterisks in Figure 7 , A and C, represent proteins that can react with the Vt antibodies, anti-VGN and anti-VWD. These proteins exist in the abdomen of the previtellogenic animal but do not correspond to Vts because Vtg is not synthesized at this developmental stage. The minor bands, indicated by triangles in Figure 7 , A and C, suggest that cleavage at sites other than those described above occurs at relatively low frequencies or that multiple Vtg genes exist in Artemia. Regarding types and nomenclature of Vtgs, several studies have demonstrated that more than one isoform could exist in crustaceans, such as in D. magna [16, 17] , Tigriopus japonicas [41] , Paracyclopina nana [42] , Lepeophtheirus salmonis [43] , Metapenaeus ensis [44] , and Penaeus merguiensis [45] among others. Several Vtg genes, therefore, may be involved in yolk formation. The result of Southern blot analysis (Fig. 4) suggested that at least two Vtg-related genes exist in the genome of Artemia. It is possible that the protein bands detected by Western blot analysis may be representatives of a second Vtg gene; however, the gene described in this study appears to produce the most abundant polypeptide in Artemia eggs based on Western blot analysis.
Samples obtained from developmental stages one to six from both reproductive pathways were analyzed. No obvious differences were found between developmental stages in the subunits detected by the anti-NON antibody (Fig. 7B) or by the anti-VWD antibody (Fig. 7C) . However, the anti-VGN antibody (Fig. 7A) revealed that the 90-and 60-kDa protein bands, that are thought to contain the SOD-like domain, reveal a different trace in the two developmental pathways. The Cu/ Zn SOD is thought to play a crucial role in protecting oocytes 
SOD-FUSED Vtg IN DIAPAUSE EMBRYO OF ARTEMIA
and embryonic cells against oxygen toxicity in other organisms. The only other crustacean Vtg found to contain a Cu/Zn SOD-like domain is in D. magna. The phylogenetic analysis of the SOD-like domain in ArVtg and DmagVtg showed its close relationship to viral and bacterial Cu/Zn SODs (Fig. 3A) which implies that SOD domain in crustacean Vtg may be acquired by horizontal gene transfer. Amino acid residues constituting the binding site for Zn(II) in the SOD-like domain are substituted or deleted, and SOD activity is low in D. magna [19] . However, in ArVtg, almost every catalytically important, conserved amino acid is present. The presence of these residues suggests that ArVtg has potential SOD activity.
The relative levels of 90-and 60-kDa polypeptides probably increase during cyst formation, before onset of full diapause, as diapause takes place during desiccation, where metabolic activity seems to be almost completely abolished. Also, ovoviviparous eggs display the SOD domain in Vtg, but Vtg is not retained as it is probably cleaved quite quickly, in contrast with oviparous eggs that do not proceed with their development. Once diapause is terminated and nauplii began to emerge, the 90-and 60-kDa protein levels declined gradually and the levels of small polypeptides (,25 kDa) increased (Fig.  8) , revealing similar results to embryogenesis in the ovoviviparous pathway. This suggests that proteins containing the SODlike domain play an important role in embryos at diapause and that once diapause terminates, they no longer function and are digested to provide nutrition for the embryo. It will be interesting to investigate the SOD activity of the two SOD domain-fused Vt proteins in future studies. Further analysis of Vtg or Vts as the major protein component in embryonic cysts will help to elucidate the mechanism underlying embryo diapause in Artemia.
